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Molecular Simulations of Sequence-Specific Association of Transmem-
brane Proteins in Lipid Bilayers
Manolis Doxastakis, Lorant Janosi, Anupam Prakash.
Association of membrane proteins is central in material and information flow
across the cellular membranes. Amino-acid sequence and the membrane envi-
ronment are two critical factors controlling association, however, quantitative
knowledge on such contributions is limited. In this work, we study the dimer-
ization of helices in lipid bilayers using extensive parallel Monte Carlo simu-
lations with recently developed algorithms [1].
The dimerization of Glycophorin A is examined employing a coarse-grain
model that retains a level of amino-acid specificity, in three different phospho-
lipid bilayers. Association is driven by a balance of protein-protein and lipid-
induced interactions with the latter playing a major role at short separations.
In all bilayers, sequence-specificity is evident by the formation of a clear inter-
face between the helices that is modulated by the lipid environment. Extracted
estimates of the dimerization affinity are in excellent agreement with experi-
mental data [2]. Following a different approach, the effect of amino-acid se-
quence is studied using the four transmembrane domains of the epidermal
growth factor receptor family in identical lipid environments. Detailed charac-
terization of dimer formation and estimates of the free energy of association re-
veal that these helices present significant affinity to self-associate with certain
dimers forming non-specific interfaces. We present results that support the role
of lipid-mediated contributions to such effects with major implications on pro-
tein function.
[1] Janosi L. and Doxastakis M., ‘‘Accelerating flat-histogram methods for po-
tential of mean force calculations’’, J. Chem. Phys., 131, 054105 (2009)
[2] Janosi L., Prakash A. and Doxastakis M., ‘‘Lipid-Modulated sequence-
specific association of Glycophorin A in membranes’’, Biophys. J., 99, 284-
292 (2010)
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Low Order Physical Multipoles
Charles J. Baker, Ramu Anandakrishnan, Alexey Onufriev.
Point multipoles are a strong theoretical tool for studying fields due to a given
charge distribution; they often provide simplifications that can be used to gain
physical insight into systems. However, when used for practical calculations,
such as the potential due to atomic charges in large biomolecules, both the re-
quired number of calculations and the complexity grows rapidly with each addi-
tional term kept in the expansion. We propose the use of physical multipoles,
which consist of a set of point sources placed such that they optimally represent
the multipole expansion of the original distribution. This method maintains the
theoretical strength of pointmultipoles but allows for both fewer and simpler cal-
culations. Most importantly, physical multipoles are always at least as accurate
at describing the electrostatic potential as the corresponding point multipole of
equivalent order and they can be substantially more accurate, especially in the
most relevant regimewhere the distance from the charge distribution to the point
of interest is no longermuch smaller than the system size.We show that for some
extreme charge distributions the RMS error in calculated potential for a physical
dipole is 300-400 times lower than for point dipoles, at a distance of two system
sizes from the origin. And for biologically relevant systems, such as certain
amino acids, the RMS error in calculated potential for physical dipoles can be
4-5 times lower than a corresponding point dipole, at a distance of two times
the size of the amino acid from its center. Thus physicalmultipoles offer a strong
alternative to point multipoles, especially in practical computations.
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Multi-Scale Simulations of Proteins in Different Solvent Conditions
Dirar Homouz, Antonios Samiotakis, Margaret Cheung.
We developed a multiscale approach (MultiSCAAL) that integrates the poten-
tial of mean force (PMF) obtained from all-atomistic molecular dynamics sim-
ulations with a knowledge-based energy function for coarse-grained molecular
simulation in better exploring the energy landscape of a small protein under
chemical interference such as chemical denaturation. The two key features of
this scheme are the Boltzmann inversion and a protein atomistic reconstruction
method we previously developed (SCAAL). Using MultiSCAAL, we were able
to enhance the sampling efficiency of proteins solvated by explicit water mol-
ecules. Our method has been tested on the folding energy landscape of a small
protein Trp-cage with explicit solvent under 8M urea using both the all-
atomistic replica exchange molecular dynamics (AA-REMD) and Multi-
SCAAL. We compared computational analyses on ensemble conformations
of Trp-cage with its available experimental NOE distances. The analysis dem-
onstrated that conformations explored by MultiSCAAL better agree with the
ones probed in the experiments because it can effectively capture the changes
in side chain orientations that can flip out of the hydrophobic pocket in the pres-ence of urea and water molecules. In this regard, MultiSCAAL is a promising
and effective sampling scheme for investigating chemical interference which
presents a great challenge when modeling protein interactions in vivo.
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Macromolecular Crowding Effects on Multiprotein Binding Equilibria:
Molecular Simulation and Theory
Jonathan Rosen, Young Chan Kim, Jeetain Mittal.
We present a coarse-grained model for studying the effects of macromolecular
crowding on the thermodynamic and structural properties of multiprotein com-
plexes. Residue-level interactions between proteins and crowding agents are in-
corporated in a recently developed transferable coarse-grained model of
multiprotein complexes. The model is used to study the binding equilibrium be-
tween two protein complexes, ubiquitin/UIM and cytochrome c/cytochrome c
peroxidase using replica exchange Monte Carlo simulations. We find that the
change in binding free energy due to purely repulsive crowding can be quantita-
tively described by a scaled particle theory (SPT) model without any fitting pa-
rameters. The same SPT model can also be used to predict the effects of mixed
crowding - a mixture of crowding particles with different sizes, using an additiv-
ity ansatz.Wefind that attractions between proteins and crowdingmolecules can
not only change the crowding effects quantitatively but also qualitatively. For
a critical attraction strength, stabilizing entropic effect due to excluded volume
interactions are exactly cancelled by destabilizing enthalpic effects.We find that
this critical attraction strength is largely independent of crowding packing frac-
tion. Amodified SPTmodel which includes the effect of protein-crowder attrac-
tions in amean-fieldmanner can predict the change in binding free energy due to
crowding semi-quantitatively. Further, structural analysis suggests that crowd-
ingmay significantly change the fraction of specific versus non-specific transient
encounter complexes in a crowded environment.
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Classification of Projections in Single Particle Electron Microscopy using
Common Line Similarity Measure
Hstau Y. Liao, Robert Langlois, Joachim Frank.
In single-particle reconstruction methods [1], projections of macromolecules ly-
ing in randomly unknown orientations are collected by a transmission electron
microscope. Often, several classes of conformations or binding states coexist
in the sample. To obtain structures with high accuracy, it is required to separate
the classes before reconstruction of the molecules. In this work, we use a graph-
theoretic criterion based on common lines, which measures both the dissimilarity
between the classes and the similarity within the classes. Projections are then
sorted by optimizing this measure, without need for a reference volume or for
any intermediate reconstructions, as done in most classification methods.
The usefulness of this type of approach, via a combinatorial optimization of the
measure, was first demonstrated in [2], but tested only on simulated projection
data. We instead view the optimization as an eigen-decomposition problem,
which makes it easy to account for different kinds of normalization of the mea-
sure. The work in [3] also uses eigen-decomposition, but the similarity is mea-
sured between 2D averages, and a reference volume is required to pre-sort the
projections according to their angular orientation.
In this work we measure the similarity between the projection data themselves
and show the results for both simulated and experimental data.
[1] J. Frank, Three Dimensional Electron Microscopy of Macromolecular As-
semblies, Oxford, 2006
[2] G.T. Herman and M. Kalinowski, Classification of heterogeneous electron
microscopic projections into homogeneous subsets, Ultramicroscopy 108:327-
338, 2008
[3] M. Shatsky et al., Automated multi-model reconstruction from single-
particle electron microscopy data, J. Struct. Biol. 170:98-108, 2010
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Monte Carlo Simulations of Absolute Binding Free Energy of Targeted
Nanocarriers to Cell Surfaces
Jin Liu, Blaine Zern, Portonovo Ayyaswamy, David Eckmann,
Vladimir Muzykantov, Ravi Radhakrishnan.
We have developed a computational methodology based on Metropolis Monte
Carlo (MC) and the weighted histogram analysis method (WHAM) to calculate
the absolute binding free energy between functionalized nanocarriers (NC) and
endothelial cell (EC) surfaces. The binding affinities are then calculated ac-
cording to the free energy landscapes. The predictions quantitatively agree
with the analogous measurements of specific antibody coated NCs (100 nm
in diameter) to intracellular adhesion molecule-1 (ICAM-1) expressing EC sur-
face in in vitro cell culture experiments. We then systematically explore the ef-
fects from a broad range of experimentally tunable parameters including the
antibody surface coverage ss of NC, glycocalyx in both in vivo and in vitro con-
ditions, shear flow and NC size. The simulation results agree remarkably well
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our model predicts a threshold ss value below which the NC binding affinities
reduce drastically and drop lower than that of single anti-ICAM-1 molecule to
ICAM-1; our results reveal that this is due to a change in the multivalency (or
number of bonds formed per NC). The trend and threshold values are exactly
recovered by the in vivo measurements of the endothelium targeting of NCs
in the pulmonary vascular in mice [Liu et al. PNAS 107: 16530-16535
(2010)]. Increasing the shear flow rate enhances the NC binding affinities till
a threshold value is reached; this quantitatively agrees with existing experi-
ments and a novel mechanism is revealed based on our model results. On
this basis, our computational protocol represents a quantitative and predictive
approach for model driven design and optimization of functionalized nanocar-
riers in targeted vascular drug delivery.
This work is supported by NIH Grants: R01-EB006818 (D.M.E.), R01-
HL087036 (V.R.M.), and NSF Grant: CBET-0853389 (R.R.).
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Characterization of Binding Affinity and Epitope Dynamics of Anti-HIV-1
Antibodies
Meron Mengistu, Krishanu Ray, Joseph R. Lakowicz, Anthony L. DeVico.
A preventive vaccine is potentially the most effective way to control the HIV pan-
demic. Such a vaccine needs to successfully harness humoral immunity and pro-
duce cross-reactive anti-envelope antibodies that mediate direct virus
neutralization and/or Fc receptor-dependent killing. For these antibodies to carry
out their functions inclearingHIVinfection, theymustbind the virus andprevent it
from infecting target CD4þ cells. The capacity of an antibody to do this is depen-
dent on the timing, durationandextent of cognate epitope exposure before anddur-
ing the attachment and entry processes. The goal of this study was (i) to quantify
antibody binding to HIV, and (ii) to characterize when and for how long antibody
epitopes are exposed before and during virus-cell fusion. We studied the binding
properties and epitope dynamics of antibodies against HIV envelope gp120 [b12
(CD4 binding site), 2G12 (carbohydrate clusters), A32 (C1, C4, & C5 domains)],
CD4-induced epitope of gp120 (17b&19e), and themembrane-proximal external
region (MPER) of gp41 (4E10). To directly quantify antibody binding to virus in
solution, we developed a fluorescence correlation spectroscopy (FCS) methodol-
ogy that uses fluctuations in fluorescent signals to measure diffusion and reaction
kinetics of fluorescently-labeled anti-envelope Mabs as they attach to HIV-1-
JRFL, HIV-1-Bal, and HIV-1-NL4-3 pseudoviruses and infectious molecular
clones. We have also developed methods to visualize the temporal appearance
and disappearance of cognate epitopes during virus-cell fusion using immunoflu-
orescence and live-cell imaging techniques. In this case, viral particles were la-
beled with a novel SNAP-tag technology that permits tracking of particles
during different stages of fusion with CD4þ target cells, and concurrent imaging
of epitopes that become exposed on the HIV envelope.
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An Improved Method for Studying Single Proteins Trapped in Lipid
Vesicles
Claudiu C. Gradinaru.
We report on an improved method to encapsulate proteins inside surface-tethered
liposomes in order to reduce or eliminate environmental interference for single-
molecule investigations. The liposomes are large enough for the molecule to expe-
rience free diffusion, but sufficiently small so that the molecule appears effectively
immobile for fluorescence imaging. Various single-molecule fluorescence experi-
mentswere performed to fully characterize this anchoringmethod relative to direct
immobilization via biotin-streptavidin linkers. Multidimensional histograms of in-
tensity, polarization and lifetime reveal thatmolecules trapped in liposomesdisplay
a narrow distribution around a single peak, while the molecules directly immobi-
lized on surface show highly dispersed values for all parameters. For instance,
when TMR-labelledmolecules were immobilized directly on surface, we recorded
large intensity fluctuations (6.305 4.91 emission states/molecule), whereas the
fluctuations were much smaller for the vesicle-trapped molecules (1.37 5 0.71
emission states/molecule). During sample preparation, by hydrating the lipid film
at low volumes, high encapsulation efficiencies can be achieved with ~10 times
less biological material than previous protocols. By measuring directly the vesicle
size distribution, we found no significant advantage for using freeze-thaw cycles
during vesicle preparation. On the contrary, the temperature jump can induce irre-
versibledamageoffluorophores and it reduces significantly the functionalityofpro-
teins, as demonstrated on single-molecule binding experiments involving a peptidic
inhibitor for the oncogenic protein STAT3. Our improved and biologically gentle
molecule encapsulationprotocol hasagreatpotential forwidespreadapplications in
single-molecule fluorescence spectroscopy.3330-Pos Board B435
In Vivo Structure of the E. coli FtsZ-Ring Revealed by Photoactivated
Localization Microscopy (PALM)
Guo Fu, Tao Huang, Jackson Buss, Carla Coltharp, Zach Hensel, Jie Xiao.
The FtsZ protein, a tubulin-like GTPase, plays a pivotal role in prokaryotic
cell division. In vivo it localizes to the midcell and assembles into a ring-
like structure-the Z-ring. The Z-ring serves as an essential scaffold to recruit
all other division proteins and generates contractile force for cytokinesis, but
its supramolecular structure remains unknown. Electron microscopy (EM)
has been unsuccessful in detecting the Z-ring due to the dense cytoplasm
of bacterial cells, and conventional fluorescence light microscopy (FLM)
has only provided images with limited spatial resolution (200-300 nm) due
to the diffraction of light. Hence, given the small sizes of bacteria cells, iden-
tifying the in vivo structure of the Z-ring presents a substantial challenge.
Here, we used photoactivated localization microscopy (PALM), a single
molecule-based super-resolution imaging technique, to characterize the in
vivo structure of the Z-ring in E. coli. We achieved a spatial resolution of
,35 nm and discovered that in addition to the expected ring-like conforma-
tion, the Z-ring of E. coli adopts a novel compressed helical conformation
with variable helical length and pitch. We measured the thickness of the
Z-ring to be ,110 nm and the packing density of FtsZ molecules inside the
Z-ring to be greater than what is expected for a single-layered flat ribbon
configuration. Our results strongly suggest that the Z-ring is composed of
a loose bundle of FtsZ protofilaments that randomly overlap with each other
in both longitudinal and radial directions of the cell. Our results provide sig-
nificant insight into the spatial organization of the Z-ring and open the door
for further investigations of structure-function relationships and cell cyclede-
pendent regulation of the Z-ring.
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Assessing the Cellular Uptake Pathway for Poly-Lysine Analogues using
Triplet Lifetime Imaging
Matthias Geissbuehler, Zuzana Kadlecova, Iwan Ma¨rki, Mattia Matasci,
Dimitri Van De Ville, Harm-Anton Klok, Theo Lasser.
Research on synthetic delivery vectors is of major interest for cell imaging and
manipulation, as they allow an efficient transfer of nucleic acids, therapeutic
proteins or small drugs into the cells. We have developed a library of L-lysine
analogues that allow for highly efficient gene delivery with low cytotoxicity.
However little is known on the exact mechanism of uptake and the final intra-
cellular destination of the synthetic carriers. Therefore we have developed
a novel optical technique based on a modulated excitation allowing for intracel-
lular imaging of the triplet-lifetime and -yield of fluorophores attached to the
delivery vector. Both these parameters are highly dependant on the intracellular
environment thus provide insight into the subcellular localization of the la-
belled carrier. The method combines high temporal and spatial resolution
and is compatible with a multiplicity of fluorophores.
We performed series of model experiments to compare the triplet lifetime and
triplet yield behaviour during the natural uptake mechanism to a series of con-
trolled conditions. The latter include microinjection of fluorescently labelled
carriers directly into the cytoplasm and cell nucleus as well as in vitro measure-
ments under conditions mimicking physiological, acidic, or DNA rich environ-
ments. To validate our technique the results from the triplet imaging were
compared with two complementary methods: carrier localization by subcellular
fractionation and confocal laser scanning microscopy.
— Reference —
Geissbuehler et al. Triplet imaging of Oxygen consumption during the contrac-
tion of a single smooth muscle cell (A7r5). Biophysical Journal (2010) vol. 98
(2) pp. 339-349
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Correlative EFTEM, Stem and Fluorescence Microscopy as a Tool for
Chromatin Biology
Maria A. Aronova, Alioscka A. Sousa, Guofeng Zhang, Michael J. Kruhlak,
Elissa P. Lei, Richard D. Leapman.
In eukaryotes, the highly coordinated gene expressions require sophisticated
levels of regulation. One such mechanism regulates the spatial and temporal or-
ganization of genes and their associated sequences in higher-order chromatin
domains. Chromatin insulators, specific gene regulatory assemblies, form large
nucleoprotein complexes known as insulator bodies and are thought to influ-
ence the organization of higher-order chromatin domains. In order to test cur-
rent models of insulator function and provide ultrastructural information about
these chromatin based domains, we use a correlative microscopy approach
based on light microscopy and electron microscopy operating in the mode of
energy filtered transmission electron microscopy (EFTEM) and scanning trans-
mission electron microscopy (STEM).
